Summary Alzheimer's disease (AD) is the most common cause of dementia and represents one of the highest unmet needs in medicine today. Drug development efforts for AD have been encumbered by largely unsuccessful clinical trials in the last decade. Drug repositioning, a process of discovering a new therapeutic use for existing drugs or drug candidates, is an attractive and timely drug development strategy especially for AD. Compared with traditional de novo drug development, time and cost are reduced as the safety and pharmacokinetic properties of most repositioning candidates have already been determined. A majority of drug repositioning efforts for AD have been based on positive clinical or epidemiological observations or in vivo efficacy found in mouse models of AD. More systematic, multidisciplinary approaches will further facilitate drug repositioning for AD. Some experimental approaches include unbiased phenotypic screening using the library of available drug collections in physiologically relevant model systems (e.g. stem cell-derived neurons or glial cells), computational prediction and selection approaches that leverage the accumulating data resulting from RNA expression profiles, and genome-wide association studies. This review will summarize several notable strategies and representative examples of drug repositioning for AD.
Introduction
For the last decade, pharmaceutical research and development productivity, measured by the relationship between investment input to develop new innovative drugs and the output/ outcome (e.g., medical and financial benefits resulting from the drug), dramatically deceased and, at the time of writing, remains low [1] [2] [3] . A number of factors contribute to the productivity issues in drug development, including increasing development costs, generic competition due to the patent expiry of several blockbuster drugs, increasingly conservative regulatory policies, and insufficient breakthrough innovations. Increasing research and development expenditures are more apparent in the disease indications with the highest unmet need, such as Alzheimer's disease (AD), where the attrition rate is high [1] .
Given the growing elderly population, combined with no approved disease-modifying therapeutics and a weak pipeline of drugs under development, AD represents one of the biggest unmet needs in medicine [4, 5] . Recent analysis of historic trends revealed that AD drug discovery and development has been experiencing major setbacks for the last decade owing to the lowest success rate among all therapeutic areas (~0.4% during the period 2001-12) [6, 7] . The high attrition rate for AD drug development is mainly attributed to the failure of predicting the safety and/or efficacy of candidate drugs prior to human testing.
Drug repositioning strategies have been suggested as a solution to overcome some of these impending pharmaceutical industry and medical challenges [8] [9] [10] . "Drug repositioning", also referred to as "drug repurposing", is the process of identifying new indications for existing drugs (Fig. 1) . In addition to approved drugs, this approach can also salvage drugs that have been shown to be safe but not effective for the indications for which they were originally developed. Drug repositioning has several advantages over the traditional de novo drug discovery approach, including reduced development costs and shorter time to approval and launch [8] [9] [10] . The drug repositioning approach can also substantially reduce the risk associated with conventional drug discovery by using existing pharmacokinetic, toxicology and safety data. For AD, drug repositioning is a very attractive strategy that should be more actively pursued [11] [12] [13] .
Major advances in our understanding of AD disease biology have been made and a number of new resources have become available to facilitate drug discovery efforts through repositioning. These include abundant data from mechanistic, clinical and epidemiological research, development of biomarkers, and a number of well-validated models, both celland animal-based. Current drug repositioning approaches in AD are mainly based on ad hoc clinical and epidemiological risk assessment in human studies and preclinical changes in mouse models of AD [8] . However, more systematic approaches for both activity-based and computational methods should be implemented in AD drug repositioning efforts. Alongside rapid advances in disease biology, the availability of several established clinical drug libraries and sophisticated tools available in genomics and bioinformatics will greatly facilitate future endeavors in AD drug repositioning. For discovery of new AD indications, generally 2 alternative and complementary strategies can be employed: activity-based phenotypic screening or computational approaches.
Activity-Based Drug Repositioning Strategies

Existing Drug Collections
One of the prevailing strategies for drug repositioning is to screen, using phenotypic in vitro and in vivo assays relevant to a target disease(s), libraries of approved drugs and drug candidates. For instance, Chong et al. [14] assembled a library of 2687 existing drugs collected worldwide (known as John Hopkins University Clinical Compound Library) and performed phenotypic screening for parasite inhibition. A number of clinical library collections are now available through commercial sources: National Institutes of Health (NIH) Clini c a l C o l l e c t i o n s t h r o u g h E v o t e c ( h t t p : / / w w w. nihclinicalcollection.com), subsets of the compound collections from Microsource (e.g., Pharmakon1600, Spectrum, National Institute of Neurological Disorders and Stroke custom collection II and US and international drug collections), Sigma (e.g., LOPAC1280), Preswick, Selleckchem, Enzo Life Sciences, and Tocris (e.g., Tocriscreen) [15] . The NIH Chemical Genomics Center also built a collection of drugs approved in the USA and other foreign countries [16] . While these collections are ideal for first-line screening, a majority of these collections lack a number of clinical candidates that are actively being evaluated in human studies sponsored by major pharmaceutical and repositioning decreases costs and time to launch, and reduces safety and pharmacokinetic uncertainty frequently associated with traditional drug development biotechnology companies. Public availability of the most upto-date candidate drugs would greatly facilitate drug repositioning efforts in the drug discovery research community.
Phenotypic Approaches
Traditionally, identification of new drugs is mainly based on phenotypic changes in animal models or even serendipitous clinical observations made in humans [17, 18] . Starting in the 1980s, "rational" target-based drug discovery served as a dominant trend in the pharmaceutical industry [19] . In target-based drug discovery, small molecule screening of compound libraries consisting of structurally diverse small molecules is conduced to find compounds that bind specifically to the target with high affinity. In contrast, phenotypic drug discovery (PDD) is an experimental approach based on the discovery of bioactivities in model cells or organisms and does not rely on direct engagement of a specific cellular target. In fact, a seminal study attests that PDD led to substantially more successful first-in-class drugs compared with targetbased drug discovery approaches, despite much greater resources invested in target-based approaches [19] . Once successful PDD is performed and identifies promising hit compounds, traditional target-directed or mechanism-based secondary assays are performed, followed by preclinical animal testing. For complex neurodegenerative disorders, such as AD, where molecular targets and disease mechanisms are far less clear, phenotypic assays can play an important role for selecting therapeutic leads that can effectively modify a disease-specific pathway [15, 20, 21] . A small number of studies have attempted to conduct phenotypic screening relevant to AD, mainly by examining amyloid precursor protein (APP) and APP metabolites, including amyloid β-peptide (Aβ), using libraries of a few hundred Food and Drug Administration (FDA)-approved drugs in neuronal cell lines [22] [23] [24] . Recently, screening has been conducted to identify compounds that can modulate additional AD-associated phenotypes such as Aβ-induced cytotoxicity, tau protein levels, apolipoprotein E (apoE) secretion or apoE4 conformation, Ca 2+ signaling and neurogenesis in neuronal cell lines [22, [25] [26] [27] [28] [29] [30] . Within industry-sponsored phenotypic screening initiatives, apoE stimulators for possible AD therapeutics have been pursued by Eli Lilly's Phenotypic Drug Discovery Initiative (PD2) [31] . As screening data are not publically available, the initiative has made limited contributions to scientific knowledge in academia or to the public at large. The Lilly Initiative uses an astrocytoma cell line, CCF-STTG1 (vs primary astrocytes) [31, 32] . It is conceivable that the screen identified false positive hits or missed a number of hits (false negatives) that may be preferentially active in primary cells and more physiological cell models, as certain compounds have been found to exert biological activities only in physiologically relevant cells but not in transformed cell lines [33] .
In neurodegenerative disease such as AD, protein aggregation could be also be considered an in vitro phenotype. Several studies screened small collections of FDA-approved drugs to identify new compounds harboring antiaggregation effects [34, 35] . One promising area of research will be to screen AD-associated phenotypes involving transcellular propagation of tau or Aβ aggregates in the manner shared with that of prion [36, 37] . Given increasing significance of cell-to-cell propagation of AD-associated protein aggregates [36, 37] , modeling an emerging but potentially significant pathological phenotype is likely to yield new opportunities for discovering highly effective drug repositioning candidates.
As physiological context is crucial for establishing predictive in vitro models for AD phenotypic screening, there is an increasing need for more physiological models, such as primary brain cells or stem cell-derived neurons or glial cells, which are scalable and robust for high throughput screening (HTS) assays [15, 20, 33, 38] . Small molecule screenings for Aβ biogenesis and Aβ toxicity have been described in mouse embryonic stem cellderived pyramidal neurons and commercial human induced pluripotent stem (iPS) cell-derived neurons [33, 39] . While human patient-derived stem cells (e.g., iPS cells) carry great promise [40, 41] , their productive and reliable use for drug screening applications such as HTS remains challenging owing to laborious maintenance, which makes automation impractical [42] [43] [44] . Furthermore, genetic and epigenetic variability among patients may influence pharmacological responsiveness [45] . Disease modeling using iPS cells for AD has been actively pursued recently and has shown that pharmacological assays can be readily performed using these models [46] [47] [48] [49] [50] [51] [52] . Modeling and screening using glial-neuron coculture and 3-dimensional cultures, both of which better resemble in vivo physiological states, should also be pursued [53, 54] . Thus, successful drug repositioning for AD can be further facilitated with the establishment of "ADin-a-dish", furnishing phenotypic assays suitable for robust and scalable HTS assays using physiological human neuron or glial cells [55] .
As an alternative to the classical phenotypic screening platform using cultured cells relevant to AD, phenotypic screening using intact model organisms, such as yeast, nematode, Drosophila, and Zebrafish, substantially adds value [56] . Pharmacological effects of drug repositioning candidates can be systematically evaluated in molecular, cellular, and network contexts of intact model organisms, while offering reasonable throughput and allowing for screening of a relatively large number of compounds compared to mouse or other in vivo mammalian models [57, 58] .
Target-Based Approaches
In addition to phenotypic screening, target-based screens can be used to discover a new activity of existing drugs. Advances in disease biology often lead to the identification of new druggable pharmaceutical targets, and the newly identified therapeutic target can be subjected to target-based screening such as enzymatic HTS assays [14, 59] . In AD, this approach has had limited success as the majority of target-based approaches have focused on development of high-affinity novel compounds that can potently inhibit known AD targets such as secretases. In contrast, the above-mentioned phenotypic screening paradigms could potentially reveal new drug pathway relationships, and specific molecular target(s) in the pathway could lead to new target-based project strategies.
Computational Drug Repositioning
Systematic computational analyses are powerful approaches for drug repositioning, allowing prediction and discovery of novel targets and therapeutic indications [60] [61] [62] [63] . Owing to their ability to access virtually large numbers of compounds and data relating to the target disease, informatics-based approaches can complement and further facilitate drug repositioning efforts more systematically than the experimental approaches described above. Successful computational repositioning depends on several components, including the extent and quality of the data, appropriate analytical tools, and integration of the knowledge obtained from the analyses in order to effectively devise a new opportunity for drug repositioning. The key objective of the computational approach is to identify novel drug-disease connections using several computational methods.
Transcriptomic Approaches
Gene expression profiles serve as a quantitative tool to compare biological states associated with either a pharmacological response to a drug or a particular disease [64, 65] . This approach is based on the "connectivity map" project, which first built a database of gene expression profiles associated with a number of reference drugs [64, 65] . In silico analysis first establishes a disease-specific regulatory "signature" consisting of genes either up-or downregulated in the disease state compared with unaffected controls. By comparing these disease signatures with drug-specific signatures, new indications for a particular drug can be predicted.
Sirota et al. [66] demonstrated how computational analysis of public gene expression data led to the discovery of new indications for known drugs. The disease-associated gene expression data were first subjected to significance analysis by microarray to establish "disease signatures" for 100 diseases. In order to deduce possible new indications, each of the signatures was then compared against the reference drug signatures available through the connectivity map [64, 65] . Discovery of potential therapeutic drugs were identified based on the assumption that if a disease signature is opposite to a particular reference drug signature, the drug has a therapeutic potential for that specific disease. This concept has been validated experimentally. For instance, using this approach, topiramate (an epilepsy drug) was predicted to be a therapeutic for Crohn's disease and ulcerative colitis [66] , and, indeed, was found to exert potent efficacy in a rat model of colitis [61] .
In the field of AD research, efforts to use the public databases have only just begun to immerge for integrating disease-linked gene expression profiles and gene expression data from drug exposure studies [67] . Currently, only limited gene expression profile data from neuronal tissues treated with small molecules are available for gene expression analysis. With increasing availability of the gene expression data set for central nervous system (CNS) tissues and brain cells from normal and AD models, this approach will gain further momentum in the field of AD drug discovery.
Genome-Wide Association Studies
The application of genomics technologies is also a powerful tool for drug repositioning. For the last several years, genomewide association studies (GWAS) have revealed new information regarding the association of specific genomic variations with complex trait human diseases, such as AD. While these genetic studies provide new biological insights and pathobiological hypotheses, practical use of the vast amounts of GWAS data for clinical use, such as the development of personalized therapeutics, is still being established. Recently, new strategies have been proposed to use GWAS data for drug repositioning [68, 69] .
Based on the list of GWAS genes associated with specific disease traits, a series of analyses can be performed to determine a subset of genes considered to be "drug targets" based on the druggability of each gene product [69] . Among these, further analysis can determine whether any of the gene products considered to be druggable have already been targeted by drugs currently in clinical development. Such analyses can identify 2 distinct groups among the GWAS genes linked to specific drug development project(s): one in which GWAS traits match the drug indication and the other that differs from the drug indication. For instance, the clinical candidate Biib-033, an antibody targeting the leucine-rich repeat and immunoglobulin domain-containing 1 (LINGO-1), was being developed for multiple sclerosis. Two GWAS studies reported that a marker in LINGO1 shows significant genome-wide association with essential tremor [70, 71] . These observations suggested that essential tremor could potentially be considered a new indication. As new GWAS data accumulate for AD, additional gene-disease associations and drug repositioning opportunities should be unveiled.
Drug Repositioning for AD Application
One of the FDA-approved medications for AD was, in fact, discovered through drug repositioning. Galanthamine, an acetylcholinesterase inhibitor that was originally used in Eastern Europe in the 1950s for poliomyelitis, was later developed as an AD drug [72] . Several major diseases are known to contribute to the risk of developing AD, such as hypertension and diabetes. Accordingly, some of the approved therapeutics for these disease conditions, especially those known to penetrate the blood-brain barrier (BBB), have been actively investigated to evaluate their potential as AD drugs [12, 13] . Drug repositioning projects are often supported by various experimental data such as preclinical efficacy of select drugs in models of AD. It has been shown that regardless of the target class, a number of FDA-approved drugs exert bioactivities perceived to be beneficial for AD, such as harboring Aβ-reducing activities in animal models. In contrast, some drugs show opposite effects, suggesting that both target biology and chemotypes (bioactivities associated with particular chemical structural features) contribute substantially to the AD-relevant pharmacological activities of the drugs being considered for drug repositioning [73] . Thus, it is important to evaluate the possibility of drug repositioning on a case-by-case basis with consideration of multiple parameters prior to engaging further drug development. This subsection will discuss some representative examples.
Selective Serotonin Reuptake Inhibitors
Many CNS drugs developed for non-AD indications such as antidepressants are ideal candidates for drug repositioning, as these compounds generally have been established to be safe for a chronic use and penetrable into the brain. Selective serotonin reuptake inhibitors (SSRIs) are a class of CNS drugs that are frequently used as antidepressants. Some SSRIs have been shown to increase cognitive function in clinical studies and have been prescribed alongside cholinesterase inhibitors for neuropsychiatric complications associated with AD [74, 75] . In addition to symptomatic benefits, much preclinical evidence suggest disease-modifying effects of select SSRIs, such as activities involving Aβ reduction and increased hippocampal neurogenesis [74] . Stimulation of 5-hydroxytryptamine receptors was shown to promote nonamyloidogenic processing of APP [76] [77] [78] [79] , and the SSRIs paroxetine and imipramine reduced Aβ levels in mouse models of AD [80] . Direct analysis of brain interstitial fluid using microdialysis revealed that citalopram, desvenlafaxine, and fluoxetine reduced the interstitial fluid Aβ levels in presenilin 1 APP double transgenic mice [81] . Chronic administration of citalopram also substantially reduced Aβ plaque burden. Interestingly, retrospective analysis revealed that amyloid loads measured by positron emission tomography imaging with Pittsburgh Compound B were found to be significantly lower in a patient group treated with citalopram compared with an untreated group, suggesting a diseasemodifying activity of citalopram. The Aβ-lowering activity was also accessed directly in human cerebrospinal fluid (CSF) using stable isotope labeling kinetics. CSF sampling during acute dosing of citalopram, demonstrated decreased Aβ in the CSF of the citalopram-treated group [82] . These studies suggest that citalopram and potentially other SSRIs are promising candidate drugs for repositioning.
Antiepileptic Drugs
Both animal and human studies have demonstrated that epileptiform activity is associated with AD [83, 84] . Among several antiepileptic drugs tested, only levetiracetam reduced epileptiform activity and reversed cognitive deficits in human APP transgenic mice [85, 86] . Levetiracetam is currently undergoing a Phase IIa clinical trial for subclinical epileptiform activity and/or improved cognition in patients with AD (ClinicalTrials.gov identifier: NCT02002819). Valproic acid, a treatment for epilepsy and bipolar disorder, showed preclinical efficacy with diverse mechanisms [87] [88] [89] [90] . However clinical studies showed no beneficial effects in AD [91, 92] .
Antihypertensive Drugs
Mid-life hypertension increases the risk of AD in later life [93] [94] [95] . Accordingly, hypertension medications including angiotensin converting enzyme (ACE) inhibitors, calcium channel blockers (CCBs), and angiotensin-1 receptor blockers (ARBs) have been tested as potential therapeutics for AD. Some of these compounds exerted antiamyloid activities in cultured cells and mouse models of AD.
Perindopril, a brain penetrating ACE inhibitor, was shown to prevent memory impairments in the Aβ infusion model, as well as APP transgenic mouse models of AD [96, 97] . In contrast, imidapril and enalapril, ACE inhibitors that do not cross the BBB, failed to improve cognitive deficits in AD mouse models, suggesting that the observed benefit is likely due to ACE inhibition in the brain. While an epidemiological study demonstrated that the use of ACE inhibitors does not influence the incidence of AD [98] , a clinical study known as Perindopril Protection Against Recurrent Stroke Study (PROGRESS) demonstrated that perindopril reduces cognitive decline associated with cardiovascular disease [99] .
Nilvadipine is one of the dihydropyridine-type CCBs, shown to cross the BBB. Administration of nilvadipine reduced the levels of Aβ in the brain, likely by facilitating Aβ clearance, leading to improved learning and memory in mouse models of AD [100, 101] . In addition to its effects on Aβ, nilvadipine restored Aβ-triggered reduction in cerebral blood flow in an AD mouse model [102] , as well as in patients with early-stage AD [103, 104] . Clinical investigations also showed that nilvadipine can prevent cognitive decline of patients with mild cognitive impairment [103, 105] . Among non-APOE4 carriers, nilvadipine also improved short-term cognitive functions [106] . Another dihydropyridine CCB, isradipine, conferred neuroprotective effects in vitro [107] , and also attenuated the levels of hyperphosphorylated tau and suppressed autophagy of tau [108] .
ARBs are another class of antihypertensive drugs that have been explored extensively for repositioning in AD. Medication with ARBs has been associated with decreased incidence of dementia [109, 110] . Epidemiological analyses revealed that a group of patients that took ARBs, displayed significantly reduced incidence and progression of AD and dementia than those treated with a comparable antihypertensive agent, ACE inhibitor [109] . In vivo animal studies revealed that oral or intranasal administration of some ARBs, including valsartan, olmesartan, and losartan, reduced Aβ levels and ameliorated spatial learning and memory deficits in mouse models of Aβ pathology [111, 112] . A few ARBs have also been clinically evaluated for their effect on cognitive function in a patient group with high risk of developing cardiovascular disease [113, 114] . Overall results were largely found to be negative, at least for ramipril, telmisartan, and candesartan. Thus, among the representative classes of antihypertensive drugs, there are "within-class" variations in preclinical efficacy, alleviation of cognitive impairment, and the risk of developing AD.
Carvedilol, a nonselective adrenergic receptor blocker, is another antihypertensive medication investigated for potential use in AD. Initial structural analysis revealed that carvedilol, along with rolitetracycline and daunomycin, has a structural motif essential for binding to Aβ [115] . Subsequently, carvedilol was found to interfere with the oligomerization of Aβ [116] . Consequently, carvedilol treatment resulted in reduced levels of Aβ oligomers, as well as improved learning and memory behaviors in a mouse model of AD [116] . Thus, the findings obtained with carvedilol represent an example of how structural modeling of pharmacophores of known compounds can lead to a mechanistic hypothesis that is subsequently validated experimentally. In this case it is critical to evaluate the structural properties of the repositioning candidate prior to engaging in further development to determine if specific structural moieties are associated with desired bioactivities in addition to drug-like properties, metabolism and toxicity profiles, and potential side effects through off-target interactions with unwanted cellular target proteins.
Anti-Diabetes Drugs
Ample clinical and epidemiological studies suggest that patients with type 2 diabetes have a much greater risk of developing AD [117, 118] . In animal models, both deficiency of insulin and insulin resistance lead to increased Aβ pathology. It has also been shown that Aβ disrupts insulin receptor signaling cascades in neurons [119] . Accordingly, some of the drugs developed for type 2 diabetes have been evaluated for their potential benefit in disease modification for AD.
Direct administration of insulin into the brain via intranasal injection showed beneficial effects on cognition, as well as improvement of biomarker profiles, such as glucose uptake in the brain, and CSF Aβ and tau levels [120] . In contrast, insulin deficiency has been shown to accelerate amyloidogenic pathology in a mouse model of AD [119] . In addition to direct insulin administration, compounds that can promote insulin secretion, such as glucagon-like peptide 1 (GLP-1) analogues, are being actively investigated., Liraglutide and Val(8)GLP-1, GLP-1 analogues, were found to be neuroprotective, rescue long-term potentiation and memory deficits, and reduce plaque loads in an AD mouse model [121] [122] [123] . Peripherally injected liraglutide and another GLP-1 analogue, lixisenatide, penetrated the BBB and promoted neurogenesis [124] . Concordently, clinical trials are being conducted to evaluate the potential therapeutic efficacy of liraglutide (ClinicalTrials.gov Identifier: NCT01843075).
A functionally and structurally distinct class of antidiabetic drugs, the biguanide class, which includes metformin, has also been under investigation for effects on AD pathogenesis. While initial reports indicate that metformin increases the levels of brain Aβ by upregulating β-site APP cleaving enzyme 1 (BACE1) [125] , some studies show that metformin attenuated AD-like changes and also reduced tau phosphorylation [126] [127] [128] .
Phosphodiesterase 5 Inhibitors
Sildenafil (Viagra), a phosphodiesterase 5 (PDE5) inhibitor, which was originally developed as a treatment for angina, has been repurposed as a therapeutic agent for erectile dysfunction, and more recently for idiopathic pulmonary arterial hypertension [129] . Puzzo et al. [130] first demonstrated the preclinical efficacy of PDE5 inhibitors in AD mouse models and the findings were later confirmed by other groups [131] [132] [133] . Among reported PDE5 inhibitors, tadalafil and sildenafil can penetrate into the brain and ameliorate synaptic, learning, and memory deficits by modulating the cyclic guanosine monophosphate intracellular signaling pathway [130, 134] .
Private-Public Partnership for Drug Repositioning
Selected drug candidates from several major pharmaceutical companies are now available for drug repurposing projects through academia-industry partnership. The open innovation drug repositioning project was initiated by the Medical Research Council (MRC) and AstraZeneca. In addition to the MRC program, the National Center for Advancing Translational Sciences (NCATS) at the NIH created a collaborative drug repurposing initiative with 8 pharmaceutical companies that contributed 58 compounds initially. Nine have been selected for projects that are led by academic researchers [10, 135] . The initiatives of the NCATS and MRC help the pharmaceutical companies gain access to academic innovations with the hope of ultimately finding a new indication(s) and recovering investments made in failed drug candidates. To date, these collaborative projects only support "on-target" repositioning that deals with the discovery of new indications through mechanisms acting on the drugs' original targets.
Among the 7 compounds to be investigated for repurposing under NCATS's drug repositioning project, one under investigation for possible repurposing for AD therapeutic use is AZD0530 (Saracatinib), a Src tyrosine kinase inhibitor that was originally developed for various cancers but was discontinued owing to insufficient efficacy [136, 137] . The concept for repositioning of this agent was based on scientific discoveries that demonstrated that phosphorylation of Fyn tyrosine kinase is related to Aβ-and tau-associated synaptic dysfunction, as well as memory impairments in mouse models of AD [138] [139] [140] .
Intellectual Property Considerations
Despite all of the positive virtues of drug repositioning, several obstacles and potential solutions have recently been discussed by Shineman et al. [141] . Notable challenges include the continued requirement for clinical trials that are still considered risky, especially in the case of AD. The commercialization process for repurposed drugs has also presented challenges as patent protection and market exclusivity are not as robust as drugs with a strong "composition-of-matter" patent. In the case of repurposed drugs, "use" patents serve as the primary means of protecting the intellectual property (IP) and market exclusivity once the drug becomes commercialized [142] . The best example is the multiple sclerosis drug BG-12 (dimethyl fumarate). BG-12 was repurposed from an older drug by Biogen Idec, who successfully developed and commercialized it using the use patent [141, 143] . There are several strategies that could be used to obtain adequate IP protection to maximize the market exclusivity of a drug. New doses and/or formulations can add modestly to the strength of the IP protection provided by the use patent for new indications. Drug combination is another protection strategy. If anticipated synergy in a drug combination is identified, such a combination could potentially be considered a new composition. One additional factor that contributes to the robustness of patent protection is related to the Orphan Drug Act of 1983. If the FDA approves the repurposed drug with an orphan drug status, 7 years of exclusivity is granted [144] .
Conclusions
In this review, I have provided an overview of drug repositioning strategies with an emphasis on next-generation phenotypic approaches, as well as several representative drug repositioning activities in the AD field. Given the availability of translational biomarkers and drug libraries, advanced informatics tools and increasing AD genomics data, drug repositioning for AD provides a promising opportunity. Through drug repositioning, it will be possible to enrich AD drug development pipelines by introducing a greater number of drug candidates into clinical development and also by increasing overall probability of success of each candidate. Increased funding and collaborative activities among academia, government, and pharmaceutical companies, along with appropriate policy support will greatly facilitate drug repositioning opportunities for AD.
